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ABSTRACT
Microlensing events observed in the line of sight toward the LMC indicate that a
significant fraction of the mass of the dark halo of the Galaxy is probably composed
of white dwarfs. In addition, white dwarf sequences have now be observed in the HR
diagrams of several globular clusters. Because of the unavailability of white dwarf at-
mospheres for Teff < 4000K, cooling time scales for white dwarfs older than ≈10 Gyr
are very uncertain. Moreover, the identification of a MACHO white dwarf population
by direct observation depends on a knowledge of the colors and bolometric corrections
of very-cool white dwarfs.
In this paper we present the first detailed model atmospheres and spectra of very
cool hydrogen white dwarfs for Teff < 4000K. We include the latest description of the
opacities of hydrogen and significantly, we introduce a non-ideal equation of state in the
atmosphere calculation. We find that due to strong absorption from H2 in the infrared,
very old white dwarfs are brightest in the V , R, and I bands, and we confirm that they
become bluer in most color indices as they cool below Teff ≈ 3500K.
Subject headings: dark matter — equation of state — Galaxy: halo — molecular pro-
cesses — stars: atmospheres — white dwarfs
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1. Introduction
The MACHO and EROS microlensing experiments
(Alcock et al. 1997; Renault et al. 1997) have de-
tected a sizeable fraction of the dark halo of the
Galaxy. Between 40% − 80% of the halo may be
composed of MACHO’s with a probable mass of
0.5+0.3
−0.2M⊙ (Alcock et al. 1997). Main sequence stars
within this mass range would be relatively bright and
have been ruled out by direct observation (Bahcall
et al. 1994; Graff & Freese 1996; Chabrier & Me´ra
1997). Since the mass function of disk white dwarfs
is sharply peaked around 0.55M⊙ (Bergeron, Saffer,
& Liebert 1992) and that old white dwarfs are in-
trinsically very faint, the microlensing events can be
naturally explained by a large population of old white
dwarfs in the halo. While suggestive, this interpreta-
tion of the microlensing events is controversial (Char-
lot & Silk 1995; Gibson & Mould 1997; Chabrier, Seg-
retain, & Me´ra 1996; Adams & Laughlin 1996; Fields,
Mathews, & Schramm 1997). Ultimately, the nature
of the MACHO’s causing the observed events can only
be settled by their direct detection.
The analysis of observational constraints on the
population of halo white dwarfs rests on models of
the luminosity function which depends strongly on
the physics of white dwarf cooling. (Graff, Laugh-
lin, & Freese 1997; Tamanaha et al. 1990; Adams &
Laughlin 1996; Chabrier, Segretain, & Me´ra 1996).
One of the most important sources of uncertainty in
the evolution of old white dwarfs is the physics of the
atmosphere. In addition, reliable synthetic spectra
are required to relate calculated cooling tracks to ob-
servations. For Teff < 4000K such spectra have not
been previously available. Extrapolations from higher
Teff calculations, which have been commonly used in
the analysis of observational data, are poor approxi-
mations of the spectra of these stars. This is a result
of the dramatic effect of collision-induced absorption
(CIA) by molecular hydrogen on the emergent spec-
tra of very cool hydrogen-rich atmospheres (Saumon
et al. 1994; Bergeron, Saumon, & Wesemael 1995,
hereafter BSW).
Because pure helium atmospheres are much more
transparent than hydrogen-rich atmospheres, cool non-
DA white dwarfs have comparatively short cooling
times and become extremely faint after 10 Gyr. They
are not expected to be detectable at the character-
istic ages and distances relevant to a halo popula-
tion of white dwarfs. Furthermore, hydrogen-rich
white dwarfs are much more common than helium-
rich white dwarfs. The observation of an old halo
population of white dwarfs, in globular clusters or as
a component of the dark halo, is primarily concerned
with hydrogen-rich white dwarfs.
In this paper we provide an extension of the grid of
models presented in Saumon et al. 1994 to pure hy-
drogen atmospheres in the Teff range 1500K to 4000K
and gravity range 107 cm/s2 to 109 cm/s2. The opac-
ities are updated and a non-ideal equation of state
(EOS) is introduced into the calculation because of
the high densities encountered in the atmospheres of
very cool white dwarfs. We discuss these changes in
the input physics of the model calculation in §2. The
resulting colors for very cool white dwarfs are pre-
sented in §3. We conclude by discussing the conse-
quences for studies of old white dwarfs in the halo in
§4.
2. Model Calculations
The models presented here extend the calcula-
tion of zero-metallicity brown dwarf atmospheres of
Saumon et al. (1994) to higher gravities and the cool
white dwarf atmospheres grids of BSW and of Berg-
eron, Ruiz, & Leggett 1997 (hereafter, BRL) to lower
Teff . Details of the atmosphere calculation are pro-
vided in these references. Briefly, we consider plane
parallel atmospheres in LTE with constant gravity.
Continuum opacity is provided by collision-induced
absorption (CIA) by H2, Rayleigh scattering by H2
and H, H− bound-free and free-free, H−2 free-free, H
+
2
bound-free and free-free. Line opacity is negligible in
these very cool atmospheres. These atmospheres all
become convective at depth and we use the mixing
length formalism to compute the convective flux. As
found by Saumon et al. (1994) for brown dwarfs, con-
vection is becomes extremely efficient deep in low-Teff
models. Consequently, the convection zone becomes
nearly adiabatic at depth and the structure of the at-
mosphere is insensitive to the choice of the mixing
length parameter.
2.1. Opacities
For the range of Teff of interest in this paper, the
dominant contributions to the opacity are H2 CIA
and H2 Rayleigh scattering at temperatures below
∼ 3500K and H− bound-free and free-free for higher
temperatures. The H2 CIA opacity is very strong in
the infrared and largely determines the shape of the
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spectral energy distribution (SED) for Teff ∼< 3000K.
The H2 CIA photo-absorption cross sections (Zheng
& Borysow 1995 and references therein) have re-
cently been revised by Borysow, Jørgensen & Zheng
(1997). The new CIA cross sections are smaller above
∼ 1.2µm and generally larger at shorter wavelengths.
For densities greater than 10−2 g/cm3, collisions in-
volving three H2 molecules are no longer negligible
and the frequency-integrated CIA opacity then takes
the form (Lenzuni, Chernoff, & Salpeter 1991):
κ = κ2ρ
2 + κ3ρ
3,
where the ratio κ3/κ2 has been measured experimen-
tally (Hare & Welsh 1997).
The H− ion is an important absorber when T ∼>
3500K and its abundance is closely tied to the abun-
dance of H+3 which is the main positive charge car-
rier in these models. The H+3 ion is not a significant
source of opacity but the structure and spectrum is
quite sensitive to the partition function of H+3 used
in the calculation of the chemical equilibrium. We
have used the most recent determination of Neale &
Tennyson (1995). The principal source of uncertainty
in our models lies in the use of an H− opacity cal-
culated for an isolated ion. In the atmospheres con-
sidered here, the density can become large enough
to expect the bf and ff cross-sections of H− to dif-
fer from their zero-density value. To our knowledge,
no one has attempted to compute temperature- and
density-dependent opacities for H− as a trace species
in a dense fluid of atoms and molecules.
BRL present observational evidence for an unde-
termined continuum opacity source affecting the flux
at B and at shorter wavelengths. They tentatively
attribute this opacity to bound-free transitions from
the n = 1 level of the hydrogen atom to higher lev-
els which are broadened into a pseudo-continuum by
pressure effects. We have not attempted to model
this pseudo-continuum source of opacity. The impor-
tance of this opacity must decrease very rapidly for
Teff ∼< 4000K as atoms recombine to form molecules.
2.2. Non-Ideal Equation of State
In addition to updated opacities, careful consider-
ation must be given to the equation of state (EOS)
used in the calculation of very cool white dwarf atmo-
spheres. In stellar atmospheres, the EOS plays a dual
role as it provides 1) the thermodynamic properties of
the material which affect the (P, T ) structure and the
calculation of the convective flux and 2) the relative
abundances of all species which are needed for the
calculation of the opacity. Saumon et al. (1994) and
BSW used an ideal equation of state to compute the
chemical equilibrium between the various hydrogen
species. BSW found that for hydrogen white dwarf
models with Teff ≥ 4000K, the departures from a
non-ideal EOS could be neglected. This is no longer
true for the very cool white dwarfs we are consider-
ing here and we have used a fully non-ideal EOS in
this calculation. Our EOS is based on the model of
Saumon, Chabrier, & Van Horn 1995 who consider
a mixture of H2, H, H
+ and e and account for the
interactions between these species in a realistic fash-
ion. In the regime of interest here (P < 1012 dyn/cm2
and T < 5000K), the molecular repulsion leads to an
increased degree of dissociation of the molecules as
the pressure is raised. By contrast, it is well known
that an ideal EOS based on Saha equations predicts
complete recombination at high pressures. Recent ex-
periments (Holmes et al. 1995) have revealed that the
EOS of Saumon, Chabrier & Van Horn (1995) under-
estimates the degree of molecular dissociation at high
pressures. By modifying the interaction potentials
used in the EOS calculation, we obtain a new EOS
which is in excellent agreement with all of the avail-
able high-pressure data (Saumon et al. 1998). The
present atmosphere calculations include this updated
hydrogen EOS.
The non-ideal EOS does not include H−, H+3 , or
H+2 which are important for the calculation of the
opacity. These are introduced as a perturbation on
the non-ideal EOS, where their abundances are calcu-
lated from their respective Saha equation (Lenzuni &
Saumon 1992). Density effects on the internal parti-
tion functions are described with an occupation prob-
ability formalism (Hummer & Mihalas 1988).
The effects of the non-ideal EOS are threefold.
First, for given P and T , the density is reduced com-
pared to an ideal EOS. This decreases the importance
of H2 CIA at depth in the models. Second, the strong
molecular repulsion leads to a significant drop in the
value of the adiabatic gradient (Saumon, Chabrier, &
Van Horn 1995) which affects the (P, T ) profile and
the convective flux at depth. Finally, the pressure-
dissociation of H2 into H further reduces the CIA
contribution to the opacity and increases the H− con-
tribution.
The effects of including non-ideal effects in the
EOS are illustrated in Fig. 1 where models computed
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with the updated non-ideal EOS are compared with
models computed with an ideal EOS. The non-ideal
effects are small for Teff = 4000K and increase for
larger gravity and for lower Teff . The decrease in the
adiabatic gradient for logP ∼> 10 is readily apparent
in Fig. 1 since ∇ad ≈ ∇ at depth.
The contours in Fig. 1 show how the non-ideal
EOS results in a gradual decrease of the H2 CIA opac-
ity and an increase in the H− opacity as the pres-
sure increases. The lower CIA opacity results in a
slightly higher temperature in the radiative region of
the model, i.e. the molecular cooling of the radiative
zone is reduced. Triangles indicate the location of
the Rosseland mean photosphere (τR = 2/3). Note,
however, that because the opacity is strongly non-
gray, the level of the “photosphere” varies greatly
with wavelength. For the Teff = 2000K, log g = 8
model, the τν = 2/3 level varies over 2.5 order of
magnitudes in pressure!
3. The Colors of Very-Cool White Dwarfs
The synthetic spectra and atmospheric models of
very cool, pure hydrogen white dwarfs are qualita-
tively similar to those obtained by Saumon et al.
(1994) for zero-metallicity brown dwarfs. The main
difference arises from the higher surface gravity of
white dwarfs which enhances the relative importance
of the H2 CIA opacity. For Teff ∼> 4000K, the opacity
is dominated by the relatively gray opacity of H−, re-
sulting in a spectrum similar to that of a black body.
At lower Teff , H2 molecules become abundant in the
atmosphere and the H2 CIA opacity becomes impor-
tant. The strong infrared bands of CIA greatly re-
duce the infrared flux and force the flux to emerge at
shorter wavelengths. As initially reported by Saumon
et al. (1994), the peak of the energy distribution of
atmospheres dominated by H2 CIA opacity shifts to
the blue as Teff decreases. The resulting SED is unlike
any that has been observed so far. We find that in
the entire parameter range we have studied, very-cool
white dwarfs are brightest in the V , R, and I bands,
and are very faint in the K band. Color-color dia-
grams are peculiar for most color combinations. The
colors V −R, V −I, V −K, I−J , J−K and H−K all
reach a maximum and then become bluer when Teff
decreases below 4000K.
The colors derived from our SED’s (Teff ≤ 4000K)
are a very good match to those of BRL for Teff ≥
4000K. Small differences are caused by our use of up-
dated H2 CIA cross-sections and of a non-ideal equa-
tion of state. Since the H2 opacity is strongest in the
infrared, the decrease in CIA and the increase in H−
caused by the non-ideal effects of the EOS result in a
redder spectrum than for a model based on an ideal
EOS model (e.g. the models of BSW and BRL).
From the three photometric bandpasses sampling
the peak of the SED of very cool hydrogen-rich white
dwarfs, we construct the (V − R, R − I) two-color
diagram shown in Fig. 2. Our models are shown
along with the observed colors of a sample of cool
hydrogen-rich white dwarfs (BRL). The synthetic col-
ors of the models naturally extend the sequence of
disk white dwarfs. It is an interesting coincidence
that the oldest, and therefore coolest, observed white
dwarfs lie just at the turnoff of the cooling sequence
of Fig. 2. This is also true for other choices of col-
ors. The reddest hydrogen-rich white dwarfs therefore
have Teff ≈ 3800K with R−I ≈ 0.7 and V −R ≈ 0.7.
Cooler white dwarfs become very blue in this diagram.
White dwarfs with Teff ∼< 4000K are very old
and they cool at a constant radius. By extrapo-
lating the mass-radius relation of white dwarfs with
carbon/oxygen cores (Wood 1998;Wood 1992) we
can compute absolute magnitudes from our synthetic
spectra. Figure 3 shows our grid of models in the
(MV , V − I) color-magnitude diagram. The curves
connecting models with the same gravity are essen-
tially identical to cooling curves. The turnoff of the
white dwarf cooling sequence is located at MV ≈ 17
and V − I ≈ 1.4. This turnoff occurs just beyond
the observed end of the disk white dwarf sequence
(Liebert, Dahn, & Monet 1988) and therefore corre-
sponds to an age of 10 to 12 Gyr (e.g. Chabrier,
Segretain, & Me´ra 1996; Hansen 1998). Halo white
dwarfs are thus expected to have V − I < 1.4. The
long-dashed line in Fig. 3 shows the locus of models
with a gravity of log g = 8 computed with an ideal
EOS. The non-ideal EOS significantly affects the col-
ors for Teff ≤ 2500K or V − I ≤ 0.6.
4. Conclusions
We have calculated the most physically complete
white dwarf atmosphere models for pure hydrogen
composition at very-low Teff . Elements central to this
calculation are the use of the latest opacities for hy-
drogen and the use of a non-ideal EOS. Previous mod-
els of very-cool atmospheres without metals (Saumon
et al. 1994; BSW; BRL) strongly indicated that the
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onset of H2 CIA opacity at low-Teff would dramati-
cally affect the colors of very cool white dwarfs. We
confirm that the colors of a cooling white dwarf with a
hydrogen-rich atmosphere reach a turning point and
then become bluer as Teff continues to decrease, a
conclusion also reached by Hansen (1998).
The colors we have calculated for very-cool white
dwarfs allow for the unambiguous identification of
white dwarfs in searches for the population of MA-
CHOs responsible for microlensing events in the di-
rection of the LMC. Previous analyses of searches for
halo white dwarfs can be reinterpreted in the light of
our quantitative prediction of the colors of halo white
dwarfs.
Evolutionary calculations for old white dwarfs are
in dire need of reliable model atmospheres to serve
as surface boundary conditions (Graff, Laughlin, &
Freese 1997; Hansen 1998). It is the purpose of
our calculation to make white dwarfs better cosmic
chronometers for ages above 10 Gyr. This has imme-
diate applications in the calculation of globular clus-
ters ages from their white dwarf sequence (Richer et
al. 1997), and in the determination of the age of the
halo, if a significant fraction of its mass is found to be
composed of white dwarfs. Since these estimates also
provide an independent lower limit to the age of the
universe, this method holds the promise of settling
several important cosmological questions.
Finally, the low-resolution spectrum of an old glob-
ular cluster white dwarf would be truly unique among
stellar spectra, its SED being literally sculpted by the
strong CIA of molecular hydrogen.
We thank P. Bergeron and G. Fontaine for useful
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Fig. 1.— Atmosphere model structures in the P and
T plane. Models shown have Teff = 1500 to 3000K in
steps of 500K (from bottom to top) and a gravity of
g = 108 cm/s2. The heavy long-dash curve divides the
diagram according to the dominant source of opacity.
Contours show the fractional change in the Rosseland
mean opacity arising from the use of a non-ideal EOS,
with dotted contours representing a decrease in κR
(see text). The contours levels are (from left to right):
2%, 4%, 6%, 8%, and 10%. The triangles indicate the
level where τR = 2/3.
Fig. 2.— Color-color diagram for pure-hydrogen
white dwarf atmospheres. Each heavy curve rep-
resent a sequence of constant gravity models with
log g = 7.5, 8, and 8.5 (from top to bottom). Models
with the same Teff (labeled) are connected by a thin
line. Solid dots represent the subset of stars observed
by BRL with H-rich atmospheres and known parallax.
Fig. 3.— Color-magnitude diagram for pure-
hydrogen white dwarf atmospheres. See Fig. 2 for
legend. The long-dashed line shows the locus of mod-
els computed with an ideal EOS.
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